Introduction
Kaposi's sarcoma-associated herpesvirus (KSHV) is the etiological agent of Kaposi's sarcoma, an inflammatory tumor of the skin and mucous membranes, as well as two B cell tumors, primary effusion lymphoma (PEL) and multicentric Castleman's disease (1) (2) (3) . KSHV infection is marked by long periods of latency when the virus expresses only a small number of essential genes (4) . Among these is ORF73 that encodes LANA (5, 6) , a protein of 1162 amino acids with multiple functions, including the tethering of viral episomes to host chromatin. The N-termini of LANA dimers bind to histones H2A/B and to chromatin-associated bromo-domain proteins (7) (8) (9) (10) . The C-termini of three LANA dimers bind to three adjacent 20-bp LANA binding sites (LBS 1, 2, and 3) located in each 801-bp TR (Fig. 1A ) (11) (12) (13) (14) (15) . There are an estimated 35 to 60 tandem TRs per viral episome (16, 17) , arranged head-to-tail at a single location on the circular episome. The resulting tether, comprised of this cluster of TRs and bound LANA dimers, is essential for episomal maintenance within dividing cells and, presumably, persistence in patients (12, (18) (19) (20) (21) . Initial epifluorescence studies identified LANA as nuclear punctae recognized by serum antibodies from KSHV infected patients (22) (23) (24) (25) . Ten years later, Adang et al. used a combination of flow cytometry and qPCR to demonstrate a direct proportionality between the number of LANA punctae and the amount of viral DNA, leading to the conclusion that each nuclear dot represented a single viral episome (26) . Previous studies examining these punctae showed association of LANA with mitotic chromosomes at the resolution of epifluorescence microscopy (12, 27) . Kelley-Clarke et al. later suggested preferential localization of these LANA punctae to centromeric and telomeric regions D R A F T on metaphase chromosomes (28) . Such studies have provided a solid foundation for further inquiry into the nature of this tethering mechanism. Many fundamental features of full-length tethers in cells have remained elusive due to the resolution constraints of epifluorescence microscopy. While X-ray crystallography has resolved the structures of an N-terminal 23 amino acid LANA peptide bound to nucleosomes, and a C-terminal 139 amino acid peptide in complex with LBS1 (7, 15) , questions remain as to the architectural features of a full-length tether. It is unknown how TR chromatin folds and whether this is consistent among tethers, both within and across cell lines. The close packing of nucleosomes and presence of heterochromatin protein 1 (HP1) at TRs found by others implies that the region is characterized as heterochromatin, whereas the presence of histone acetylation found by several groups suggests active chromatin (29) (30) (31) (32) . Questions also remain as to how LANA is distributed across the TRs, whether it attains full occupancy on all three LBSs, and whether supernumerary LANA dimers form large complexes at each TR to entrap episomal DNA loops (33) . There is also no information indicating whether the number of TRs bound by LANA reaches a plateau. LANA dimers might bind to a maximum number of TRs in a plasmid or episome, regardless of the number of total TRs available. Finally, it is not clear how all of these elements influence tether folding and the ability to effectively bind to both viral and host genomes. To address these questions, we applied super-resolution microscopy to study KSHV infected cells with the goal of generating architectural data on full-length KSHV tethers.
Results
The Nanoscale Dimensions of LANA Tethers are Uniform and Consistent Across Different Cell Types. In principle, since LANA binds both host nucleosomes and episome DNA, the packaging of TR chromatin could be determined primarily by the state of the host chromatin, by features intrinsic to the viral episome, or both. To distinguish among these alternatives, we examined the tether morphology of the same viral isolate in two different cell types. We found that dSTORM resolved each epifluorescent LANA dot into a cluster of individual emissions from fluorophorelabeled anti-LANA mAbs ( Fig. 1B-J) . We interpret these emissions as blinks within a Gaussian localization volume from each conjugated dye molecule present at approximately three dye molecules per antibody (Materials and Methods), up to six antibodies bound per LANA dimer (see discussion of coiled-coil domain, below), and up to three LANA dimers per TR. Since all the episomes from the same virus have the same number of TRs (17, 34) , and each TR is 801 bp, we asked whether the polymer architectures revealed by dSTORM would be similarly consistent across multiple tethers. We examined 65 individual LANA tethers from BCBL-1 cells (a KSHV-positive PEL line) and 34 from SLKp/Caki-1p cells, a human epithelial line exogenously infected with KSHV derived from BCBL-1 (35, 36) . We found that while each tether presented a unique shape, their overall dimen- sions were similar in the two cell lines ( Fig. 2A and B) . To quantify this similarity, we aligned clusters along their three principal axes and calculated their dimensions and radii of gyration, R g (Materials and Methods), shown in Fig. 2C and D. The median R g for tethers in BCBL1 cells was 341 nm, 95% CI [309-353] and in SLKp cells it was 368 nm, 95% CI [323, 405] . There was no statistical difference between the R g of BCBL-1 and SLKp tethers (P = 0.26, Mood's Median Test). The similarity of these parameters in a single viral strain in two different cell types shows that the polymer folding of KSHV LANA tethers is likely to be intrinsic to the viral episome itself, rather than being a result of the cellular milieu.
LANA Occupancy Scales with the Number of TRs.
We postulated that if the tethers visualized by dSTORM reflect the underlying TR architecture, then their structural parameters should change systematically with different numbers of TR elements. To challenge that hypothesis, we examined synthetic tethers with different numbers of TRs. We co-transfected BJAB cells, a KSHV-negative human B cell line, with two plasmids, one encoding LANA and the other containing 2, 5, 7, or 8 tandem TRs arranged head-to-tail as in the native episome ( Fig. S1A and B) . In addition, we infected BJAB cells with BAC16 virus that we determined contains approximately 21 TRs ( Fig. S1C and D) . Transfection with a LANA-encoding plasmid and a plasmid lacking any functional TR sequence (p0TR) resulted only in diffuse nuclear staining by epifluorescence ( Fig. S2A ), consistent with earlier work (12, 37) . In contrast, individual tethers in cells harboring plasmids with 2, 8, or 21 TRs showed an increase in size with increasing number of TRs ( Fig. 3A-C ). This increase was accompanied by a corresponding linear increase in the number of dSTORM fluorophore emissions and, therefore, anti-LANA Ab binding ( Fig. 3D ). Our observation that an increase in TR number results in a proportional increase in LANA binding argues against a plateau for TR occupancy per plasmid or episome, at least over the range of 1-21 TRs.
Tether Polymer Conformation has the Characteristics of Active Chromatin. At present, there is conflicting evidence regarding the conformational state of TR chromatin, which exhibits features of both repressed and active conformations. On one hand, TR nucleosomes are tightly packed in a typically "closed" conformation (31) . Furthermore, LANA recruits the histone H3 methyltransferase SUV39H1 and establishes heterochromatin protein 1 (HP1) binding to the tether chromatin (30) . On the other hand, TR chromatin is also modified by histone hyperacetylation characteristic of active chromatin (29, 31, 32) , and the tether interacts with bromodomain protein BRD4 (9, 38) .
To address the conformational state directly, we took advantage of the fact that the radius of gyration, R g , of a chromatin polymer follows the power-law relationship, R g ∝ L c , where L is the DNA length in bp and c is the scaling exponent. This scaling parameter, c, is a sensitive measure of canonical active, inactive, and repressed states of mammalian chromatin (39) . By plotting R g against the tether DNA length in bp we determined the power-law scaling exponent for the LANA-bound TR chromatin to be c = 0.36 ± 0.07 ( Fig. 3E ). This exponent approximated the value of 0.37 ± 0.02 found by Boettiger and co-workers for active chromatin and is distinct from values for inactive (c = 0.30 ± 0.02) or repressed (c = 0.22 ± 0.02) chromatin (39) . We obtained similar results for TR plasmid scaling in COS-7 cells (Fig. S3A ). This finding clarifies the long-standing paradox surrounding the chromatin folding state of the TR region.
Adjacent TRs are Arranged with a Specific Asymmetric Architecture. Closer analysis of the dSTORM emissions from individual p2TR tethers revealed that they frequently gave rise to two distinct, resolvable clusters ( Fig. 3A ) and alignment of the complete set of 28 p2TR data (Materials and Methods) reinforced this separation ( Fig. 4A ). Individual clusters were characterized by an R g of 90 nm, 95% CI [82, 96], which is similar to the R g of 86 nm predicted by extrapolation of the power-law function to a single TR ( Fig.  3E ). Thus, we interpreted the two clusters as the signals emanating from two adjacent TRs. We obtained similar results for p2TR dSTORM images acquired in COS-7 cells (Fig.  S3B ). The p2TR tethers, individually or as an aligned composite, showed striking asymmetry. They comprised flat pairs of prominently elongated ellipsoids whose centroids were spaced apart by 174 nm, 95% CI [152, 185] ( Fig. 4B ). Moreover, the long axes of the two clusters intersected to form a 46°angle ( Fig. 4B ), demonstrating a specific differential placement of the individual TRs within the p2TR structure. These parameters provided strong constraints on the underlying folding of the p2TR chromatin tether.
2TR Images Support the Prediction of a LANA Coiled-Coil Domain.
To begin to interpret the 2TR tether images at the molecular level, we evaluated the structure of LANA dimers N-terminal to the LBS binding domains, for which previous X-ray crystal structures are known (10, 15, 38) . Examination of the primary protein sequence of LANA with Paircoil2 (40) revealed a segment strongly predicted to form a coiled-coil ( Fig. 6A ; P < 0.025).
To test for the presence of the coiled-coil, we measured the number of single molecule emissions detected by dSTORM for LANA tethers stained with LN53-A647, which recognizes the tetrapeptide epitope EQEQ (41) . There are 22 such epitopes within the LANA protein sequence and this number of antibodies would yield over 18,000 dSTORM emissions per LANA tether (Materials and Methods). However, 19 of the most C-terminal of these epitopes would be embedded within the putative coiled-coil region of LANA, occluding antibody recognition. The remaining three epitopes just Nterminal to the coiled-coil would yield on the order of only 2,500 emissions per tether. Indeed, we routinely recovered fewer than 2,000 emissions per tether, consistent with only 2 to 3 functional epitopes per LANA protein, providing strong empiric data for the predicted coiled-coil. Furthermore, the positioning of these available epitopes at the N-terminal end of a rigid coiled-coil domain is supported by the separation between the two emissions clusters in the 2TR images. A molecular model of LANA dimers incorporating these features is illustrated in Fig. 6 .
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LANA-Imposed DNA Bending and Nucleosome Translational Positioning Are Predicted to Direct TR Chromatin Folding.
Although the DNA of each TR is known to be bent by LANA dimer binding (15, 42, 43) , and to be occupied by four nucleosomes (31), the constraints these factors impose on tether architecture are currently unknown. To address this question, we varied the parameters of DNA bending and nucleosome positioning in a set of molecular models (see Fig. 7 ). We modeled the 113 bp of nucleosome-free DNA that contains the three LBS sites in two modes. In the first, both LBS1 and LBS2 are occupied by LANA dimers, while LBS3 is unoccupied, inducing a 110°bend in LBS DNA ( Fig. 7C ), as previously determined by Wong and Wilson (42) . In the second mode, LBS1, LBS2, and LBS3 are all occupied by LANA dimers, inducing a bend of approximately 180° (Fig.  7B ), as predicted by Hellert et al. (15) . For the remaining 688 bp of TR DNA occupied by four nucleosomes, we adapted the crystal structure of a synthetic tetrasome (PDB 1ZBB) (44) because of its similarity to the spacing of the nucleosomes mapped to the TR (31) ( Fig. 7B ). We digitally joined the tetrasome DNA to the LBS DNA, bent at either 110°( . To extend the model to include two adjacent TRs, we joined pairs of these single TR models at each of the 9 nucleosome phases to produce the complete set of 81 2TR models (9 phases for each tetrasome) ( Fig. 8B and F) , keeping the repeat length at 801 bp between LBS1 sites. For models with occupancy of only LBS1 and LBS2, we eliminated 11 of the 81 combinations from further consideration based on steric interference, either between two tetrasomes or the trajectory of connecting DNA (shown in purple and blue, Fig. 8B ). For the models with full occupancy of three LBS sites, 50 models were ruled out (shown in purple and blue, Fig. 8F ). Examples of 2TR phase combinations with or without steric hindrance are depicted in Fig. 8 . The impact of both LANA-dependent DNA bending and nucleosome translational positioning on the construction of these 2TR models, and the ability of these parameters to eliminate certain tetrasome configurations, demonstrates the importance of these two factors for tether architecture.
A Simple Molecular Model Captures Major Properties of 2TR LANA Tethers.
Remarkably, our 2TR models captured key features of the dSTORM images. In particular, the model with full LANA occupancy of all three LBSs on both TRs and the second tetrasome joined to the DNA at "phase 8" mimicked features of the image (Fig. 5A , and see also Fig. 8E ). The addition of three LANA dimers to each individual TR of the 2TR model produced an elongated arrangement of epitope binding sites and predicted the localization of their associated dye emissions. Furthermore, the long axes joining the epitope binding sites on each TR give rise to approximately a 45°angle between them by the combination of tetranucleosome positioning and LBS DNA bending. The distance between the centers of the two sets of epitopes was approximately 151 nm. Both the angle and spacing of emissions in the model approximated those of the experimental dSTORM data (Fig. 4B ). We tested the ability of our chromatin models to account for the dSTORM data of individual tethers by optimizing the fit of the modeled epitope sites (dye locations) to the experimental p2TR emissions data (Materials and Methods). We then determined the best fit models by scoring each by the fraction of dSTORM emissions that they captured. One example of such a fit is shown in Fig. 5B and Movie S1. In a pair-wise comparison of models with LANA dimers at all three LBS sites versus models with LANA dimers only at LBS1 and LBS2, the full occupancy models were significantly better at accounting for the 28 p2TR datasets (P < 3.0 x 10 −12 , Paired T-test). Overall, the median fraction of dSTORM emissions accounted for by the optimal full occupancy models was 0.72, 95% CI [0.61, 0.83] (Fig. 5C ) for the p2TR structures assembled in BJAB cells. We carried out the same analysis of p2TR LANA tethers expressed in COS-7 cells and found the median fraction of emissions covered to be 0.78, 95% CI [0.66, 0.94] ( Fig. S3C and D) . Interestingly, the optimal phasing between TRs was not the same for all 2TR tethers examined. Rather, this parameter varied from tether to tether, with phases 5-9 each contributing to the set of best fit models ( Fig. 9 ). This range of phases suggests a basis for the shape variability seen among the individual LANA tethers comprised of larger numbers of TRs (Fig. 2 ).
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Discussion
Until now, LANA tethers have appeared as poorly defined nuclear punctae via epifluorescence microscopy. The localization data from this study offer new insights into the architecture of the tethers linking KSHV episomes to human chro- matin. First, we found that the folding of tether chromatin was intrinsic to the viral episome and independent of the cellular environment. Consistent shapes and emission counts were measured for comparable TR episomes within the B cell-derived lines BCBL-1 and BJAB, the non-lymphocytic epithelial cell line SLKp, and even the monkey kidney fibroblast cell line COS-7. Second, regardless of the number, TRs were proportionally occupied by LANA dimers. This argues for a relatively uniform chromatin environment across the terminal repeats wherein LBS sites are equally accessible to LANA binding in all TRs. Third, we provided the first physical proof that TR chromatin is packaged with parameters that are characteristic of active chromatin. This may reflect the need for the TRs to provide alternate biological functions, such as the secure attachment of the episome to host nucleosomes versus the dynamic initiation of DNA replication. Fourth, the ability of dSTORM to resolve single TR units within 2TR clusters demonstrates that the episomal half of LANA dimers must be well ordered. If LANA dimers radiated randomly from the LBSs or were highly unstructured in their episomal half, we would be unable to separate discrete clusters in the analyses of plasmids containing 2 TRs. Fi- nally, our data argue that all three LBS sites in individual TRs are likely to be fully occupied by LANA dimers. The discrete dimensions and positional asymmetry of the dye emission clusters in the 2TR data are not well accounted for if only two LBS sites are occupied, because the axis through the epitopes of each TR is shortened and there is less bending of the LBS DNA. Furthermore, models with three LANA dimers per TR consistently performed better than models with only two LANA dimers per TR in explaining dSTORM data for 26 independent 2TR datasets. The linear relationship between LANA dye emissions and TR number suggests that this is true for complete KSHV episomes as well.
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We identified several key features of tether structure by modeling the 2TR data. First, the modeling revealed that the internal repeats of LANA likely comprise a coiled-coil domain for the LANA dimer. This domain was first predicted by in silico analysis, and then supported by quantitative analysis of LN53 antibody binding, and masks all but the two to three N-terminal most mAb binding sites. Second, the modeling highlighted an impact of translational positioning of the nucleosomes for each TR. Moving each tetranucleosome along the nine possible phases of the DNA helix alters the trajectory of the output TR DNA. This, in turn, greatly impacts the relative positions of the LBSs on adjacent TRs and, hence, their associated anti-LANA fluorophore emissions. The architecture driven by nucleosome positioning and LBS DNA bending positions the LANA N-terminal histone binding domains in a way that facilitates exploration of the surrounding environment, promoting their primary function of tethering to host chromatin. While the 2TR model describes most of the tethers well, a few datasets are exceptions mainly due to the fact that they have relatively larger R g values. Others have proposed large multi-LANA dimer complexes based on crystallography of the C-terminal binding domain (10, 15, 38), and it is possible these 2TR exceptions reflect such assemblies. Further, our current model has some limitations. For example, it is unlikely that the fixed packing of tetranucleosomes we adapted from the crystallographic structure reflects the full range of conformations adapted by TR nucleosomes in vivo. Unlike the KSHV tether histones, the histones present in the tetranucleosome crystal structure lacked any posttranslational modifications. The presence of such modifications might alter the tetrasome structure, potentially loosening or tightening the histone packing, and thereby impact our model and its fit to our data set. The current working model that we have developed captures major features of the KSHV tether, detailing the likely stoichiometry and relative positions of its major molecular components emanating from the TR region of the viral genome within the cellular milieu. The model also provides a platform for future experimentation that could include determining the nanoarchitecture of tethers with greater numbers of TRs. This approach has broad applicability to a wide variety of persistent viral pathogens, thus, potentially contributing to our ability to target them therapeutically.
Materials and Methods
Cell Lines. BCBL-1 cells have been in the laboratory of D.H.K. who was a co-author on the study first describing the line (45) . BJAB cells were a gift from Don Ganem (Novartis Institutes for Biomedical Research) and are described by Menezes et al. (46) . SLKp/Caki-1p (36) cells were a gift from Adam Grundhoff (Heinrich Pette Institute, Leibniz Institute for Experimental Virology, Hamburg, Germany) and Don Ganem and are described by Grundhoff and Ganem (35) . SLKp cells were selected despite their inclusion in the ICLAC database of commonly misidentified cell lines because of their utility as an epithelial, non-lymphocytic line and their stable infection with BCBL-1-derived virus. iSLK-BAC16 cells were a gift from Rolf Renne (University of Florida, Department of Molecular Genetics and Mi-D R A F T Fig. 9 . Multiple tetranucleosome translational positions are compatible with the p2TR dSTORM data in BJAB cells. The frequency of the occurrence of an optimal fit is plotted as a function of the tetranucleosome phasing of TR2 in models using 3 LANA dimers per TR. crobiology) and are described by Brulois et al. (47) . COS-7 cells were a gift from Jim Casanova (University of Virginia). BJAB and BCBL-1 cells had typical lymphocyte nonadherent morphology and were CD45 positive by immunofluorescence staining. BCBL-1 cells were syndecan-1 (CD138) positive by immunostaining and flow cytometry (26) . BCBL-1, SLKp, and iSLK-BAC16 cells were LANA positive by immunofluorescence staining; BJAB and COS-7 cells were LANA negative. Adherent cell lines were maintained in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum (Gibco). They were harvested from culture dishes with 0.05% trypsin after a wash with 1X phosphate buffered saline. Non-adherent cell lines were maintained in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum, 20 mM HEPES, 2 mM L-glutamine, 0.05 mM betamercaptoethanol, and 200 µg/mL sodium bicarbonate. All experimental conditions for imaging took place in identical media but lacking phenol red. All cell lines were maintained at 37°C in 5% CO2 and tested negative for mycoplasma.
Plasmids. The pcDNA3-LANA plasmid was a gift from Rolf Renne (University of Florida, Department of Molecular Genetics and Microbiology) and is described by Renne et al. (48) . BAC16 was a gift from Jae Jung (University of Southern California) and is described by Brulois et al. (47) . The p8TR plasmid is the 8TR-containing Z6 cosmid subcloned into modified pREP9, as described by Ballestas et al. (12) . The plasmid, produced by the lab of Kenneth Kaye (Harvard Medical School), was a gift from Paul Lieberman (The Wistar Institute). Plasmids containing 0, 2, 5, and 7 terminal repeats were created by transforming DH5α E. coli (Thermo Fisher Scientific) with the p8TR plasmid and screening by PstI restriction endonuclease digestion for colonies that showed recombination within the TR region and gave rise to a lower number of TRs. Insert size was confirmed by gel electrophoresis, as shown in Fig. S1A and B . The plas-mids isolated from these E. coli were subsequently grown up in SURE E. coli (Agilent Technologies) to preserve fidelity of the new TR number.
Antibodies. The anti-LANA antibody LN53 (rat, monoclonal) (49) was conjugated using an Alexa Fluor® 647 succinimidyl ester kit (Thermo Fisher Scientific).
Determining TR Number in BAC16 and BCBL-1 Virus.
Linear viral DNA was obtained from BCBL-1 cells using the method described by Lagunoff et al. (16) . BCBL-1-derived KSHV DNA and BAC16 DNA were digested with NotI + SpeI. The resulting digests were run on an agarose gel, which was then stained with ethidium bromide. We then plotted band intensity as a function of DNA length for each band present in a single copy per genome. We used this line to calculate the amount of DNA represented by the 801-bp band. For BAC16, this band gave a result of 16.2 kbp, which accounts for 20 TRs. Because the BAC16 is circular, one TR is not accounted for by this method, yielding a final calculation of 21 TRs. For the BCBL-1-derived viral DNA shown in Fig.  S1E , the 801-bp band was representative of 36.0 kbp, which accounts for 45 TRs. Because this DNA is linear, two TRs are not accounted for by this method, yielding a final result of 47 TRs. For BCBL-1-derived KSHV, this experiment was performed in triplicate, and the resulting number of TRs was 43 +/-6.
Transfections. 1x10 7 BJAB cells were transfected with 1µg pNTR plasmid + 1µg pcDNA3-LANA plasmid using Amaxa Nucleofector (Lonza) with Solution V on program T-020. Cells were harvested for analysis at 48 hours posttransfection.
Infection of BJABs with BAC16 Virus. Infection of
BJABs was performed as described by Plaisance-Bonstaff (48) . In brief, iSLK-BAC16 cells were seeded at 3x10 5 /mL in a 6-well plate. After 24 hours, they were induced with doxycycline (1 µg/mL) and sodium butyrate (1 mM). 48 hours later, the media was replaced with 3 mLs RPMI containing BJAB cells at a density of 3x10 5 /mL. Four days later, BJABs were removed from the iSLK-BAC16 cells and cultured for 14 days with hygromycin selection (100 µg/mL) before staining. A separate, identically treated well of iSLK-BAC16 cells without BJABs was cultured for 7 days, at which point all induced iSLK-BAC16s were found to be dead by Trypan blue exclusion.
Antibodies. The anti-LANA antibody LN53 (rat, monoclonal) (49) was conjugated using an Alexa Fluor® 647 succinimidyl ester kit (Thermo Fisher Scientific). The approximate number of dye molecules per antibody (three) was calculated according to the manufacturer's instructions.
dSTORM Sample Preparation. Cells were fixed in 4% paraformaldehyde for 10 minutes. After a 20-minute rat IgG block at 4 µg/mL, Alexa Fluor®-conjugated LN53 antibody was applied at a concentration of 1:400 in BD Perm/Wash D R A F T (BD Biosciences) and incubated for 40 minutes. Cells were washed in Perm/Wash and DAPI was then applied at 0.5µg/mL for 15 minutes. Coverslips (Cat. #72204-01, Electron Microscopy Sciences) were cleaned with alkaline peroxide. Their centers were masked off and TetraSpeck 0.1µm beads (Thermo Fisher Scientific) were applied to the rest of the surface; these were attached to the slide at 100°C for 30 min. The center masks were removed and the coverslips were coated in poly-L-lysine for 1 hour. The poly-L-lysine solution was aspirated and the coverslips were airdried overnight. Cells were deposited (Cytospin 2, Shandon) onto the centers of these prepared coverslips for 4 minutes at 500 rpm. Samples for dSTORM analysis were mounted in a solution of 0.22 mg/mL glucose oxidase, 40 µg/mL catalase, 0.14M beta-mercaptoethanol, and 0.55M glucose.
Instrumentation. dSTORM data were collected using custom instrumentation based on an Olympus IX81-ZDC2 inverted microscope (Olympus America Inc., Melville, NY, USA) configured in a standard geometry for localization microscopy (50, 51) . The illumination beam from a 643 nm diode laser (DL-640-100, CrystaLaser, Reno, NV, USA), coupled to a laser clean-up filter (ZET640/20X, Chroma Technology Corp., Rockingham, VT, USA) and a 5X Galilean beam expander (BEO5M, Thorlabs, Inc., Newton, NJ, USA), was focused on the backplane of a 60X, 1.2NA, water-immersion objective (UPSLAPO60XW, Olympus) by means of a f+350 mm lens (Thorlabs) to yield an illumination profile with a 1/e 2 radius of 34 µm. Ground state depletion and dSTORM readout of Alexa Fluor® 647 dye molecules was achieved with a laser intensity of 1.9 kW/cm 2 as measured at the sample. Single molecule emissions were collected through the same objective using a filter set comprising a dichroic mirror (Di01-R635, Semrock, Rochester, NY, USA) and emission filter (FF01-692/40, Semrock). The image was expanded using f+75 mm and f+150 mm lenses (Thorlabs) arranged as a ∼2X telescope and acquired with an EMCCD camera (iXonEM DU-897D-CS0-BV, Andor Technology PLC, South Windsor, CT, USA) to yield an image pixel size of 0.134 µm (52) . Astigmatism for axial localization was introduced using a f+1000 mm cylindrical lens (LJ1516RM-A, Thorlabs) placed in the acquisition path (53) .
dSTORM Data Acquisition. dSTORM images were acquired using a water-immersion objective to minimize axial compression of the data for LANA tethers located far from the coverslip (54) . Because of the sensitivity of waterimmersion lenses to the tilt of the coverslip (55), axial localization was calibrated for each sample by imaging pointsource fluorescent beads attached to the same coverslip as the samples being studied. Images of the astigmatic point spread function were acquired every 50 nm in the axial dimension, spanning 2 µm across the focal plane, controlled by a 3-axis nanopositioning stage (Nano-LPS100, Mad City Labs Inc., Madison, WI, USA). dSTORM images were collected at a frame rate of 32.4 Hz, for a total of 15,000 to 25,000 frames, using an EM gain of 100 and pre-amplifier gain of 5X on the iXon camera. Transmitted light images were collected every 200 frames to provide subsequent correction for lateral drift during analysis, while axial positioning was stabilized by the ZDC2 instrumentation of the microscope. An epifluorescence image of DAPI staining was saved after the dSTORM data acquisition and the few nuclei exhibiting chromosome condensation were excluded from further analysis.
dSTORM Data Processing. dSTORM images were processed using a pipeline of custom python modules, implementing standard single molecule localization algorithms (51) . In-house software tools utilized numpy (version 1.11.2) and scipy (version 0.18.1) scientific computing libraries (56, 57) . Candidate dye emissions were identified by size and photon threshold criteria and localized within an 11 x 11 pixel region of interest. Each point spread function (PSF) was evaluated by fitting with a two-dimensional Gaussian ellipse by least squares to estimate parameters for the x and y center coordinates, amplitude, major and minor axes radii, and an offset. The lateral localization precision was calculated for each emission as described by Thompson et al. (52) . For each emission, photon yield was calculated as the product of the Gaussian amplitude and area, while the background pixel noise was estimated as the standard deviation of intensities from the perimeter pixels of the region of interest. The axial location of a molecule was determined using its major and minor axis radii from the 2D Gaussian fit to interrogate the standard curve established from the point source fluorescent beads (53, 58) and its axial localization precision was calculated as described by DeSantis et al. (58) . The transmitted light images obtained through dSTORM acquisition were used to determine lateral image drift using a sub-pixel crosscorrelation algorithm (59) and dSTORM molecule coordinates were corrected by interpolation.
Determination of R g and Statistical Treatments. LANA tethers were characterized by their radius of gyration, calculated as the root mean squared vectors of the emissions using the standard representation,
where r i is the location of individual emissions andr is the centroid of all the emissions in the tether. The coordinates ofr were calculated as the average of the coordinates for all emissions weighted by the inverse of their respective lateral and axial localization precision. Summary and comparative statistics were based on nonparametric approaches. The 95% confidence intervals for median estimates were calculated by bootstrap resampling. 
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LANA Tether Analysis. The software tools used to analyze and visualize the LANA tethers were supported by the additional Python libraries scikit-learn (version 0.17.1) (60), statsmodels (version 0.6.1) (61), Geometric Tools (version wm5) (62), matplotlib (version 1.5.3) (63), and mayavi.mlab (version 4.5.1) (64) . The dSTORM signals for individual LANA tethers were isolated from the data sets and further processed for analysis. The axial localization precision for each emission was re-evaluated by calculating the individual axial position 1000 times using values of the major and minor PSF widths randomly drawn from their respective error distributions. The larger of this Monte Carlo estimate and the original analytical calculation was saved as the working axial localization precision and emissions with values greater than ±60 nm were discarded.
To determine aggregate parameters individual LANA tethers were uniformly oriented by geometry-based principle component analysis and aligned at their centers of mass. The dimensions of the aggregate structures along the X, Y, and Z axes were estimated as the coordinates spanning quantile probabilities from 2.5% to 97.5% of the distribution along each axis. Solid 3D representations of tether emissions are depicted by spheres with a radius equal to their median axial localization precision. Similarly, tether images are rendered as Gaussian spots scaled to a width that is twice the median axial localization precision. Individual 2TR LANA tethers were analyzed further by dividing their emissions into two groups using k-means clustering. The midpoint between the centers of the two clusters was translated to the zero origin and the complete tether was then oriented to place the two cluster centers along the x-axis on either side of the origin. The tether was then rotated about the x-axis to achieve the greatest variance in the y-dimension. Vectors fit through the long dimensions of the two clusters defined a "V" geometry, and each tether was then reflected horizontally or vertically or both such that the wider separation was oriented towards the positive y-axis and greatest tilt from vertical was oriented towards the positive x-axis. The complete set of 2TR LANA tethers were then superimposed at their origins to evaluate the parameters of the aggregate structure.
Modeling 2TR LANA tethers. The software written to model 2TR LANA tethers utilized additional python modules from the programming libraries Biopython (version 1.68) (65, 66) and PeptideBuilder (version 1.0.1) (67), and the application PyMOL (version 1.7.6) (68). The X-ray crystal structure of a dimer of LANA C-terminal DNA binding domains in complex with LBS1 DNA suggests that the upstream LANA peptides may enter on either side of the episomal DNA ( Fig. 6B ) (15) (PDB 4UZB). Therefore, in modeling LANA dimers, we placed the LN53 antibody epitopes on the N-terminal side of a coiled-coil domain which is then connected by a domain of unknown structure to the dimer of C-terminal DNA binding domains. This model is similar to a more general outline proposed previously (15) . We modeled domains of unknown structure based on psi and phi angles from their predicted secondary struc-ture. These were done solely to provide plausible constraints on the placement of the EQEQ epitopes relative to the LBS, and with the exception of the coiled-coil model (69) and Cterminal DNA binding domains with known crystal structures, the models are not expected to match actual LANA protein folding.
Complete sets of 2TR models were constructed in which the TR1 and TR2 tetrasomes were arranged over 9 translational positions each (Fig. S6) . The critical parameter for fitting the models to the dSTORM data is the phase of the tetranucleosome in TR2 because it is located between the two sets of LBS DNA sequences. While the phase of the tetranucleosome in TR1 is presumably important for the connection to flanking chromatin, its phase does not affect the structural relationship between the LANA dimers in the two TRs. Therefore, for the 2-dimer models, we fit each of the 28 p2TR datasets with the 9 chromatin models that combined TR1 phase 3 with TR2 phases 1 through 9 (Fig. S6B ). For the 3-dimer models, we fit the same 28 p2TR datasets with the 6 chromatin models that combined TR1 phase 6 with TR2 phases 4 through 9 (Fig. S6F ).
2TR models were fit to the dSTORM data using a limited memory approximation of the Broyden-Fletcher-Goldfarb-Shanno algorithm for bound constrained minimization (70) as implemented in SciPy. Each of the two clusters of dSTORM emissions for individual tethers was further divided into either two or three clusters by k-means to yield either four or six centroids per tether, for the 2-dimer and three-dimer models respectively. To begin optimization, the center of mass of the epitope binding sites in a model was aligned with the global center of mass of the cluster centroids in the dSTORM data. The initial rotational orientation of the model was randomized. Eighteen parameters were then varied to minimize the Euclidean distance between the model epitope sites and their respective dSTORM cluster centers.
For fitting, the model was allowed three dimensions of rotation and three dimensions of translation. The four or six epitope sites in the models were treated as linear vectors of a fixed 51 nm in length originating at the LBS sites and they were allowed to rotate freely but constrained to a maximum 45°tilt, or less, from perpendicular to the DNA. The best fit for each model was then evaluated for its ability to account for the dSTORM emissions. The Gaussian probability volumes of the dSTORM emissions were scaled by 2.2 times their lateral and axial localization precision. Similarly, the model epitope site probability volumes were scaled by 2.2 times the median axial and lateral localizations of their associated dSTORM emissions. The fit was then scored for the fraction of the dSTORM ellipsoids intersecting with the epitope ellipsoids of the model.
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Legend for Supporting Video S1 Video S1. Animation of the three-dimensional modeling of LANA binding to TR DNA and the resulting Ab-bound fluorophore emissions. Each of the many fluorophore emissions captured by dSTORM from a single 2TR example is presented as a red ellipsoid encompassing that emission's median three-dimensional localization precision. These data are superimposed on the model of 2TRs presented in Figure  5A and B. Emerging magenta spheres represent the 13 nm radius encompassing the potential localization of the bound anti-LANA mAb, as in Figure 5B . The video zooms in to more clearly show the architecture surrounding the TR DNA, LANA C-terminal LBS binding, and associated tetrasomes. Finally, white ellipsoids appear, denoting model-predicted fluorophore emissions at one standard deviation of the localization precision. 
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